Recent investigations have confirmed the presence of the polyphosphoinositides, phosphatidylinositol 4-phosphate and phosphatidylinositol 4,5-bisphosphate (PIP2), as well as inositol phospholipid-specific phospholipase C in higher plant and microalgal cells. In addition, it has been shown that stimulation of some photosynthetic cell types by environmental or hormonal challenge is accompanied by degradation of the polyphosphoinositides. The products of phospholipase C-catalyzed PIP2 hydrolysis, inositol 1,4,5-trisphosphate and diacylglycerol, appear to (24) . In the limited space available, this short review will (a) highlight selected new developments during the past 2 years, (b) identify possible sources of confusion and areas in need of clarification, and (c) preview potentially significant research areas of the future.
Recent advances have confirmed that PLC2-catalyzed hydrolysis of inositol phospholipids constitutes a major avenue for transducing extracellular signals across the plasma membrane to animal cells. The transduction process ultimately leads to increases in cytoplasmic calcium levels and changes in protein phosphorylation patterns. Because calcium and protein phosphorylation also play critical roles in regulating plant cell function, this PLC-inositol phospholipid transmembrane signal cascade is receiving increasing attention in a number of laboratories as a potentially important regulator of cellular processes in photosynthetic organisms.
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inositol phospholipids have until recently been scattered sparsely throughout the scientific literature. As in most developing areas of biology, these reports did not always convey an entirely consistent and unequivocal story. The early, often conflicting findings in this field have been reviewed by Boss (3) and by Morse et al. (24) . In the limited space available, this short review will (a) highlight selected new developments during the past 2 years, (b) identify possible sources of confusion and areas in need of clarification, and (c) preview potentially significant research areas of the future.
The basic process of transmembrane signaling via the inositol phospholipids as it is understood in nonphotosynthetic cells is outlined in Figure 1 Extensive research has been focused on PIP2 metabolism as a transducing mechanism for the control of leaf movement by light in the legume Samanea saman. The effects of light on phosphoinositide turnover in the S. saman motor organ (pulvinus) responsible for leaf movement were assessed in [3H]inositol labeled tissue (22) . Following a period of darkness, individual pulvini were exposed to white light (300 ,uE-m2 s-') for 5 to 30 s before extraction for comparison to pulvini harvested as a dark control. Light caused an increase in the tissue level of IP2, first detected after 15 s of exposure, and a parallel but smaller rise in IP3, as measured by HPLC. By 30 s PIP radioactivity had dropped to 72% of controls and PIP2 radioactivity to 40% of controls. In a related study (see below), Morse et al. (23) observed that the white light induced rise in IP2 plus IP3 was matched by an equivalent rise in DG. Because folding of the pulvinus is influenced specifically by red light and blue light, it will be highly pertinent to learn whether light of one or both of these wavelengths can substitute for the white light that the authors have used so far in their research on phosphoinositide turnover. Other effects of light, namely, on the properties of G proteins, are described below.
In the unicellular green alga, Dunaliella salina, hypoosmotic shock induced a rapid degradation of PIP and PIP2 with a concommitant rise in PA (9) In none of the above-mentioned cases were the putative G protein a-subunits actually shown to participate in PIP2-mediated signal transduction, although indirect evidence for a role in the regulation of PLC has been obtained (see the following section). In several instances, the apparent molecular masses were not close to the 39 to 41 kD range most commonly associated with the phosphoinositide pathway in animal cells. However, smaller (20-30 kD) G proteins such as the ras proto-oncogene family have been implicated in PIP2 turnover.
Phospholipase C
The presence in photosynthetic cells of a PLC which preferentially hydrolyzes inositol phospholipids has been demonstrated in a number of laboratories. For example, Melin et al. (20) reported the presence of inositol phospholipid specific PLC in higher plant tissues. Under their assay conditions, the plasma membrane was highly enriched over cytosol in PLC specific activity. The plasmalemma activity showed a preference for PIP and PIP2 over PI in contrast to the cytosolic fraction, in which the preference was for PI. Optimal activity was obtained at 10 IM Ca2 . Similar results were reported by McMurray and Irvine (19) , who found that PLC activity from the cytosolic fraction showed greater preference for PI while the membrane or particulate fraction contained greater activity toward polyphosphoinositides. The PLC specific activity was found to vary greatly among plant tissues, with the specific activity being approximately 40-fold higher in celery stems than in spinach leaves! One must consider such differences in PLC activity as a potentially significant contributing factor to differences in polyphosphoinositide content of different plant tissues. These investigators also found the enzyme to be sensitive to low calcium concentrations but most active at a rather high (100 AM) Ca2+ level. Likewise, we have found plasmalemma PLC activity towards PIP2 in D. salina to be maximal at 100 uM free calcium (10) . In the latter cell type, PIP2-PLC activity is highly enriched in the plasma membrane compared to other membrane fractions. Although Melin et al. (20) (10) .
Polyphosphoinositides
The first and most basic step in the investigation of plant polyphosphoinositides is their identification, quantification, and localization. Though this would appear to be a simple matter, it has been a continuing source of confusion. As a component of plant cell membrane phospholipids, PI generally comprises 8 [3] ), leaf discs (29) , and microalgae (10). However, other investigators (4, 8) have failed to identify PIP2 in certain cultured plant cells using similar analytical techniques. A complicating factor is the presence in some cell types of inositol-containing compounds which may be extracted with organic solvents but which differ in structure from PIP and PIP2 and yet chromatograph near these lipids upon TLC analysis in common solvent systems (8) .
Thus, these analytical methods are, by themselves, of limited utility for the unequivocal identification of PIP As has been observed in animal cells, the metabolism of the inositol phospholipids, based on 32P radiolabeling data from the microalgae D. salina (9) and Chlamydomonas eugamatos (17) , is very rapid relative to that of other lipids. Less is known about the radiolabeling kinetics of inositol phospholipids in higher plant tissues.
Quantifying polyphosphoinositides on the basis of their incorporation of radioactive precursors assumes that some semblance of isotopic equilibrium has been reached prior to analysis. This state has seldom been confirmed in studies with photosynthetic cells. The incorporation of exogenous inositol into plant cells can be particularly slow (17) . Thus, quantitation of the polyphosphoinositides relative to other cellular phospholipids has rarely been satisfactory. A frequent penchant of investigators quantifying the inositol phospholipids in photosynthetic cells is to express the quantity of radiolabeled PIP and PIP2 as a ratio relative to PI. However, this leaves something to be desired since the molar proportion of total phospholipids accounted for by PI can itselfvary considerably from one cell type to another.
By direct analysis of PIP and PIP2 phosphorus, Cote et al (5) found 0.6% of total lipid phosphorus in PIP and less than 0.02% as PIP2 in pulvini of S. saman. We have found that PIP and PIP2 comprise 1.2% and 0.3%, respectively, of cellular phospholipids in D. salina, based on 32P radiolabeling, phosphorus analysis, and radiolabeling via fatty acid incorporation (9) . Because these phospholipids are particularly sensitive to phospholipase action, homogenization or even much milder manipulations of cells and tissues prior to lipid extraction must be considered critically as sources of polyphosphoinositide loss during sample preparation.
If the polyphosphoinositides play a role in transmembrane signaling, one might expect them to be found in abundance in the plasma membrane. The plasma membrane of photosynthetic cells has indeed been found to be enriched in polyphosphoinositide content (early evidence reviewed by Boss, [3] ), comprising as much as 9.5 mol % of plasmalemma phospholipids in D. salina (9) . It is not known whether other organelle membranes contain PIP or PIP2 in photosynthetic cells. It appears that the nuclear envelope of some animal cells contains the polyphosphoinositides as well as the enzymatic machinery necessary for their synthesis. PI kinase activity has been reported in chloroplast membranes (27) , although at a lower specific activity than in the plasmalemma. It is currently unknown whether plant cells contain more highly phosphorylated inositol lipids (i.e. PIP3) as recently demonstrated in other cell types.
IP3 and Its Control of [Ca2+i,
The presence in plants of PIP2 and phospholipases specific for its hydrolysis has led to the conclusion that IP3 is also present in the cells. However, when aqueous extracts of cultured wild carrot cells labeled with 3H-inositol were passed through the anion exchange columns routinely used for separating inositol phosphate classes, the radioactivity recovered in the 'inositol phosphate' fractions did not comigrate with authentic 1,4-IP2 or I,4,5-IP3 upon subsequent paper electrophoresis (26) . While in this instance the failure to detect these key intermediates could have been due to their low degree of radiolabeling and to their observed rapid degradation by endogenous phosphatases (21), the findings generally underscore the need for exercising greater caution in establishing the presence of inositol lipid metabolites in plants.
In contrast to the above-mentioned findings, Heim and Wagner (16) employed anion exchange chromatography in conjunction with HPLC to identify 1,4-IP2 and smaller but reproducible amounts of 1,4,5-IP3 in cultured C. roseus and Nicotiana tabacum cells grown in the presence of [3H]inositol. Other radiolabeled metabolites had chromatographic properties of glycerophosphorylinositol as well as its mono-and diphosphorylated derivatives.
Early findings that exogenous IP3 releases Ca2+ from plant microsomal preparations have been confirmed for considerably lower IP3 levels with corn coleoptile microsomes (25) and with intact vacuoles from Avena seedling roots (28) . The latter report illustrates a growing conviction that vacuoles, as a major (up to 90% of cell volume) plant cell organelle normally having 0.1 to 10 mM Ca2 , constitute the physiologically most significant Ca2' depot. The observed release of vacuolar Ca2' by IP3 was quite specific; no effect was seen when IP2, IP, or inositol were substituted.
The precise mechanism by which IP3 releases Ca 2 from intracellular stores is not completely understood, although a specific IP3 receptor has recently been identified in animal cells. While GTP appears to play a role in stimulating Ca 2 release from plant (1) as well as animal microsomes, the relationship between GTP and IP3 in the process is not known.
DG and DG Kinase
Another key second messenger produced by PLC hydrolysis of PIP2 and other susceptible phospholipids is DG. Evaluating the signaling role of DG can be especially frustrating because of its participation in multiple metabolic pathways, including those supplying the substantial lipid needs of the expanding plastid membranes. Typifying the problems involved is the analysis of DG in S. saman pulvini by Morse et al. (23) .
Under the same conditions found to promote a rise in inositol phosphates, namely exposure of 6 h dark-adapted pulvini to white light, DG increased in amount by 19% during the first 30 s and then declined to 90% of dark control values after 10 min of exposure to light. Although the transient rise in DG almost exactly equaled the concurrent rise in IP2 and IP3, this could have been coincidental because the DG so produced was not shown to arise in the plasma membrane. The photosynthetically active white light employed in the experiment might well be capable of enhancing DG synthesis in chloroplast membranes for use there. As the S. saman system becomes better characterized, only the most effective red or blue wavelengths of light will be employed to trigger PIP2 hydrolysis, thereby minimizing photosynthetic stimulation of lipid synthesis.
The (12) . In the presence of 1 gM Ca2 , shown to be required for activity, 40 ,ug phosphatidylserine/mL and 8 ,ug diolein/mL greatly enhanced the ability of the kinase to phosphorylate histone. The enzyme's sensitivity to activation by phosphatidylserine was lost if it was isolated from elution from membranes (derived from Ca2+-treated homogenates) rather than from cytosol (from EDTA and EGTA-treated homogenates) (13) . It was concluded that the lipid necessary for achieving full activity became bound to the PKC during its brief Ca2"-induced attachment to membranes. Western blots prepared using antibodies to bovine brain PKC gave bands suspected to be the intact PKC (84.5 kD), a proteolytic product (65 kD), and the regulatory fragment (40 kD) (1 1 Above all, if the concept of PIP2-mediated signal transduction in plants is to become credible we must find at least one plant model system in which the various components are clearly shown to function in concert to achieve some recognizable end. Achieving this surprisingly elusive goal has been fraught with ambiguity due to technical difficulties in manipulating plant cells. Success could provide the long sought breakthrough in understanding plant hormone action.
